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CHAPTER 1. INTRODUCTION 
Thesis organization 
This thesis consists of four chapters: a literature review, two manuscripts, and the 
general conclusions. The first chapter is a literature review that provides an organismal 
context and a general background on the theory surrounding the evolution of duplicate genes. 
A brief history of the domestication of cotton is provided, as are the basic phylogenetic 
relationships within the cotton genus, Gossypium. Additionally, topics concerning the 
molecular evolution of a large gene family are explored, as are the potential consequences of 
polyploidy in this context. 
The second chapter is a manuscript written with the intention of publication in the 
journal Molecular Genetics and Genomics. This paper explores the molecular evolution of 
six myb transcription factors that are expressed during cotton fiber initiation, and the 
conservation of gene expression in diploid and polyploid genomes. 
The third chapter is also a manuscript, this one written with the intention of 
publication in the Journal of Molecular Evolution. This study looked at the MYB gene 
family in G. arboreum and the apparent loss of an intron in one group of MYB genes. It also 
examined the phylogenetic relationship between monocot and dicot MYB sequences. 
The last chapter summarizes the conclusions of both manuscripts and discusses the 
implications of these results on the evolutionary history of the MYB gene family. 
General introduction 
The genus Gossypium includes one of the world's most important crop plants, 
namely, cotton. There are about 50 members in the genus, ranging from shrubs to small trees. 
The plants are found in arid regions throughout the tropics and subtropics (Wendel, 1995). 
Four different members of this genus have been domesticated at different times in human 
history, G. hirsutum, G. barbadense, G. herbaceum, and G. arboreum. Currently, 90% of the 
world's cotton comes from G. hirsutum, with most of the remaining commercial cotton 
coming from G. barbadense (Wendel et al., 1992). As will be discussed later, both G. 
hirsutum and G. barbadense are tetraploids (2n=52). 
The cotton fiber from which textiles are made are single-celled, epidermal trichomes 
that develop on the maturing seed. Within the genus, there is a wide range of trichome 
densities, from nearly glabrous, in species such as G. davidsonii, to thick, long fibers that 
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completely obscure the seeds, as in the cultivated members. The genes involved in this 
variable phenotype are unknown. However, there is much speculation concerning the types 
of genes that may be responsible for the evolution of novel phenotypes (Doebley and Lukens, 
1998). These authors and others have suggested that transcription factor evolution may play 
a significant role in morphological evolution. 
Recent work in cotton has revealed that several members of the myb transcription 
factor family are expressed in the cotton ovule during fiber initiation. Loguercio et al. (1999) 
screened a-3dpa (3 days prior to anthesis) cotton ovule cDNA library for Myb genes using 
primers designed to amplify a highly conserved region of the gene family. They found that 
at least six members of this gene family are expressed during ovule and/or fiber 
development. This initial study has resulted in a more thorough effort to understand the role 
of transcription factors in morphological evolution and the importance of myb genes in 
plants. 
History of the genus Gossypium 
While members of Gossypium share a significant number of characteristics, there is a 
great deal of variation in the genus. This variation has led to taxonomic subdivision within 
the genus. Based on geographical location and chromosomal evolution, eight different 
genome groups have been recognized: the A, B, E, and F genomes are from Africa/ Asia; the 
C, G, and K genomes are found in Australia; and the D genome cottons are from the 
Americas. Additionally, there are 5 members of Gossypium that are tetraploids which have 
A and D genomes combined in a single nucleus (Endrizzi, et al., 1985). 
Molecular data indicates that the extant species of the genus probably diverged from 
their most recent ancestor approximately 14 million years ago in Africa. Long-distance 
dispersal from Africa allowed the D genome diploids to evolve in the New World, perhaps 
7.8 mya (Cronn, et al., in review). 
The five tetraploid species evolved from a polyploidy event that occurred in the New 
World. The time of polyploid formation is still in question, as is the identification of the 
progenitor species that gave rise to the first allotetraploid. Presently, it is believed that the 
polyploids formed recently, perhaps as recently as 1-2 mya (Wendel, 1989). Molecular 
sequence data show little divergence between each of the subgenomes (A or D) and their 
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respective diploid progenitor genome (again, A or D). These data strongly support the 
conclusion that the time of the polyploid event must have been relatively recent. 
As mentioned previously, G. arboreum, G. barbadense, G. herbaceum, and G. 
hirsutum have been domesticated. While both G. arboreum and G. herbaceum are still 
grown for their fiber, the amount of cotton produced for the world market is negligible 
(Wendel, 1995). Gossypium barbadense produces the more luxurious cotton, with fibers that 
are longer, finer, and more easily spun. However, G. barbadense is lower yielding than G. 
hirsutum. For this reason, G. hirsutum represents more than 90% of commercially grown 
cotton (Wendel, 1995). 
The impact of polyploidy on plant evolution 
As discussed above, commercial cotton is harvested from tetraploid plants. To gain a 
full appreciation of any morphological divergences between tetraploid and diploid members 
of Gossypium, it is important to consider the molecular evolution and genetic implications of 
genome duplication. 
The process of polyploidization has long been recognized as a major contributor to 
plant speciation and has been implicated in the evolution of all eukaryotes (Wendel, 2000). 
It is currently estimated that at least 50% of all angiosperms have undergone, at a minimum, 
one genome duplication (Leitch and Bennett, 1997). Consequently, polyploidy has created a 
great deal of genetic redundancy in plants (Wendel, 2000). 
There is also evidence that polyploids are often more robust than their diploid 
counterparts. As a result, many of our most important crop plants are polyploids (Soltis and 
Soltis, 2000). Examples include wheat, maize, sugar cane, and potato. The reason for this 
polyploid advantage remains unclear. In their 2000 paper, Soltis and Soltis discuss five 
possible explanations for this phenomenon. They hypothesize that polyploids, in relation to 
their diploid progenitors, (1) maintain an increased level of heterozygosity, (2) do not 
succumb to inbreeding depression as readily, (3) undergo genome rearrangement that can 
result in novel genotypes, and ( 4) have at least one duplicated genome and thus redundant 
genes that may evolve novel functions. Additionally, there is evidence that many polyploids 
have a polyphyletic origin (Leitch and Bennett, 1997; Soltis and Soltis,2000), thus increasing 
the genetic diversity inherent in the newly formed allopolyploid. · 
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The majority of polyploids form in one of two ways. First, an allopolyploid results 
from the hybridization of two different species, accompanied by chromosome doubling. 
Thus, there are two distinct genomes within the nucleus of an allopolyploid cell. Second, 
genome duplication that occurs within a single species results in an autopolyploid (Soltis and 
Soltis, 2000). As is the case in the majority of angiosperms, the polyploids in the genus 
Gossypium are allopolyploid. The evolution of duplicated genes in the context of polyploidy 
is an area of ongoing research. 
Myb transcription factors 
The MYB family of transcription factors are the largest family of regulatory genes in 
plants, and indeed one of the largest gene families known (Romero, et al., 1998). While these 
factors have been found in all organisms studied to date, the number of MYB genes found in 
plants is significantly higher than in other organisms. Plant researchers thus have an interest 
in studying evolutionary relationships among members of this large gene family. 
Additionally, the fact that this is a family of regulatory genes that seems to function in plant-
specific processes provides further incentive for those interested in morphological evolution. 
Myb factors are defined by the helix-tum-helix motif of their DNA-binding domain. 
In animals, most myb proteins contain three repeats of this domain (Rl, R2, and R3), while 
in plants most myb proteins have only two repeats (R2 and R3), although both one repeat and 
three repeat mybs have been found in plants (Kranz, et al., 2000; Braun and Grotewold, 
1999). Current data indicate that these transcription factors exist in high copy numbers in 
higher plants (Martin and Paz-Ares, 1997; Rabinowicz et al., 1999). Evidence from both 
maize and Arabidopsis places the number of MYB genes at over 125 in both genomes 
(Romero et al., 1998; Meissner et al., 1999; Rabinowicz et al., 1999). More recent work in 
sorghum (Jiang, unpublished) and cotton (Cedroni, unpublished) suggest that there may be 
more than 200 MYBs in each of the latter species. 
Studies involving the myb family of transcription factors have provided evidence that 
morphological change can occur due to the evolution of transcriptional activators. Myb 
transcription factors make up a large gene family in plants with a wide range of functional 
diversity. Myb factors have been shown to influence the development of trichomes and cell 
shape in Nicotiana tabacum (Payne et al., 1999), flower color in Antirrhinum majus (Noda et 
al., 1994), determination of epidermal cell fate (Wada et al., 1997) and the development of 
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the inflorescence in Arabidopsis thaliana (Kirik et al., 1998), and the regulation of flavonoid 
pigment synthesis in floral organs of maize (Zhang, et al., 2000). Additionally, MYB genes 
have been found to have different expression patterns, both in timing and tissue specificity, in 
developing organs of Gossypium hirsutum. Mybs have also been implicated in the 
development of seed trichomes in cotton (Loguercio et al., 1999). This evidence indicates 
that these transcription factors have a significant role on developmental processes in higher 
plants. 
The evolutionary history of the MYB gene family in plants is still in question. Braun 
and Grotewold (1999) discovered that Arabidopsis has both R2R3 and R1R2R3 myb 
proteins. Since the intron-exon structure of the plant R1R2R3 MYBs (pc-MYB) is similar to 
the animal MYBs, Braun and Grotewold hypothesized that there may have been two separate 
divergence events that led to the plant MYBs. First, the pc-MYBs were duplicated by unequal 
crossover or an alternate duplication event after the divergence of plants and animals. 
Second, after losing the Rl repeat, the R2R3 MYB genes were then duplicated. The 
duplication of the R2R3 MYB family was much more extensive than that of the pc-MYBs, 
resulting in a much larger and more diverse family. Yet another study (Rosinksi and Atchley, 
1998) discusses the possibility that the MYB family may have a polyphyletic origin. The high 
copy number requires multiple gene duplication events. Zhang et al. (2000) hypothesized 
that MYB-homologous genes (Pl and P2 genes) were duplicated in tandem in maize and were 
then separated by retroelements, indicating one route by which gene amplification has 
occurred. This process, episodically reiterated and combined with the history of 
polyploidization in angiosperms, may account for much of the present gene diversity in the 
MYB family. While the origin of the MYB family is still being debated, the fact that these 
transcription factors have acquired a wide range of functions has led to speculation 
concerning their role in the morphological evolution in plants. 
Gene duplication and morphological evolution 
Duplication of a gene often acts to decrease selective forces on that gene due to the 
fact that accumulation of mutations in genes that exist in multiple copies will often have less 
dramatic effects on an organism than will the accumulation of mutations in genes that exist in 
single copy. There are two fates for duplicated genes, silencing (loss) or the development of 
new function. Since a mutation in a gene is far more likely to be deleterious than beneficial, 
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it has been hypothesized that, in the majority of cases, gene loss should be expected. 
However, recent studies examining the actual frequency of gene loss after gene duplication 
have found that the number of genes that become silenced (pseudo genes) is much lower than 
predicted (Wagner, 1998; Force, et al., 1999). 
Wagner (1998) suggests that one reason for the discrepancy between the expected 
frequency of pseudogenization and empirical observations is the overly simplistic model 
used in the prediction. This model treats each gene as a separate entity, not taking into 
account that genes can encode multifunctional proteins and can be part of gene pathways. 
Mutations that occur in these types of genes may not be free of functional constraints. For 
example, if a mutation in a gene that is part of a larger pathway results in a protein that 
inhibits the function of that pathway, this could be deleterious to the organism. Thus, there 
may be remaining constraints on duplicated genes. This demonstrates that gene interactions 
may be more complex than is taken into consideration by the model used to predict the fate 
of duplicated genes. 
Another hypothesis that could explain the fact that gene loss is not a prevalent as 
expected reasons that complementary degenerative mutations may act to preserve duplicated 
copies of a gene (Force et al., 1999; Lynch and Force, 2000). A gene that has been 
duplicated is no longer under the same evolutionary constraints that exist for a single copy 
gene. Both copies of the duplicated gene can accumulate some mutations, as long as the 
original function of the gene is maintained. Under these circumstances, one copy of the gene 
may lose a subfunction of the original gene, while the other copy may lose a different 
subfunction. Since neither of these genes alone would be able perform the original function 
of the gene, they must both be preserved in the genome. The subfunctionalization theory 
hypothesizes that duplicated genes will eventually acquire slightly different functions due to 
the loss of certain subfunctions. Thus, partitioning of gene function can occur. For example, 
a duplicated gene can have a high degree of sequence similarity, but have a different tissue-
specificity or expression pattern. 
In the case of the R2R3 MYB transcription factors, the increase in copy number offers 
an explanation for the variation in function that has been demonstrated for this large gene 
family. Additionally, duplication and divergence of regulatory genes has been implicated as 
a major contributor to morphological evolution (Raff, 1996). In the case of transcription 
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factors, new functions could induce significant morphological changes. A mutation in a 
transcription factor could result in a -difference in tissue specificity, perhaps sufficientiy 
altering the pattern of gene expression to create morphological differences and novel 
phenotypes. Thus, if a gene coding for a transcription factor undergoes a gene duplication 
event, the timing and pattern of gene expression during development of the organism could 
be impacted. 
The above analysis does not differentiate among the effects of evolutionary changes 
in the different types of regulatory genes e.g., signaling genes, receptor proteins, or 
transcription factors. However, even absent evidence for multiple copies of transcription 
factor genes, some research indicates that transcription factor evolution may have a more 
profound impact on developmental processes than does the evolution of other regulatory 
genes. According to the review of Doebley and Lukens (1998), transcription factors may be 
"hot spots" for evolutionary forces. This idea is dependent upon the view that promoters are 
organized into modules. Each element in a promoter that alters the basal transcription rate is 
thought to have evolved independently (Kirchhamer et al., 1996; Doebley and Lukens 1998). 
In other words, elements like the TAT A box and the CCAA T box each had separate origins 
and are discrete elements. A mutation in one of these elements does not influence the other. 
Factors such as signaling proteins e.g., ligands, receptor proteins, proteins/enzymes involved 
in hormone regulation, may affect more than one module in a promoter and/or multiple genes 
(Doebley and Lukens, 1998). Consequently, mutations in these genes or genes encoding 
receptor proteins might impact more than one phenotype. Since transcription factors only act 
at one module, the pleiotropic effects of any mutations affecting their regulation might be 
reduced. Thus, gene-specific transcription factors would be under less stringent evolutionary 
pressure than signaling genes. Since signaling genes are not as specific as transcription 
factors, a mutation in one of these genes would have effects on more than one phenotype. 
Thus, even, if the mutation is selectively advantageous for one phenotype, it is unlikely that 
this mutation would also be beneficial for the other phenotypes that are influenced by the 
same signaling protein. 
An example of this phenomenon can be demonstrated in the drought response of 
Arabidopsis. Abscisic acid (ABA) is produced in response to water stress in Arabidopsis. 
This hormone is then responsible for activating various genes, including a MYB homolog 
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(Abe et al., 1997). This myb then activates a dehydration response gene (rd22). Mutations 
that influence the production of ABA would then have an effect on all the other pathways for 
which ABA is an activator (or inhibitor). On the other hand, a mutation in a gene-specific 
MYB transcription factor would only effect the expression pattern of the specific gene(s) · 
under the control of the myb protein. 
Myb transcription factors in cotton 
Recently, work has begun on isolating the genes that may be involved in fiber 
development in cotton. Loguercio et al. (1999) screened a -3dpa (3 days prior to anthesis) 
cotton ovule cDNA library for MYB genes using primers designed to amplify the highly 
conserved R2R3 region of the gene family. Fifteen clones were isolated and sequenced. The 
sequence results determined that within the fifteen clones discovered there were six unique 
MYB genes. After acquiring full-length cDNA sequences from G. hirsutum, they looked at 
expression patterns for each of the six MYBs. Using RT-PCR and primers specific for each 
MYB, preliminary analysis of the differences in expression timing and tissue specificity were 
presented. 
In this thesis, the molecular evolution of these six genes was examined using the 
previously generated information and phylogenetic analysis. The following questions were 
of particular interest. ( 1) What is the molecular history of the evolution of the six MYB 
transcription factors in cotton? Specifically, are rates of molecular evolution at the diploid 
and polyploid levels the same? Alternatively, is there evidence for either gene silencing 
following polyploid formation, or perhaps diversification? Is there any evidence for 
interaction between the two duplicated copies of each of the six MYB genes in the polyploid 
nucleus? (2)Has the pattern of expression been conserved during organismal divergence at 
the diploid level, and subsequent to polyploidization, or has gene expression evolution 
occurred? At the polyploid level, are both genomic copies co-expressed and equally 
expressed, or has there been tissue-specific partitioning of function? 
To answer the foregoing questions a combination of approaches was used, including 
DNA sequencing and phylogenetic analysis (question I) and reverse-transcriptase/ 
polymerase chain reaction (RT-PCR) experiments on organ-specific RNA pools (question 2). 
These experiments utilized DNA and RNA extracted from the diploid taxa representing the 
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probable genome donors to the tetraploid species ( Gossypium arboreum and Gossypium 
raimondii) and the tetraploid taxon, Gossypium hirsutum. 
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CHAPTER 2. EVOLUTION AND EXPRESSION OF MYB GENES IN DIPLOID AND 
POL YPLOID COTTON 
A paper prepared for submission to Molecular Genetics and Genomics 
M. L. Cedroni, R. C. Cronn, T. A. Wilkins and J.F. Wendel 
Abstract 
Myb transcription factors have been implicated in several plant-specific processes. 
Among the functions attributed to myb factors is the determination of cell shape, including 
regulation of trichome length and density. Because myb transcription factors may play a role 
in cotton fiber development, the molecular evolution of six MYB genes previously shown to 
be expressed in cotton fiber initiation was examined in detail. Each of the genes appears to 
be highly conserved in three members of the genus Gossypium, and to be evolving 
independently both in the diploid and tetraploid species. Additionally, the expression 
patterns for several of these genes was examined in several organs to determine if there have 
been changes in expression patterns between the diploids (G. raimondii and G.arboreum) and 
the tetraploid (G. hirsutum) or between the duplicated copies in the tetraploid. Expression 
patterns appear to have been evolutionarily conserved, both during divergence of the diploid 
parents of allopolyploid cotton and following polyploid formation. 
Introduction 
The genus Gossypium includes one of the world's most important crop plants, 
namely, cotton. There are about 50 members in the genus, ranging from shrubs to small trees 
in arid regions throughout the tropics and subtropics (Wendel, 1995). Most of the genus is 
diploid (n = 13), but five species from the Western Hemisphere are classic genomic 
allopolyploids ("AD-genome"; n = 26) formed from hybridization between two diploid 
species ("A-genome" and "D-genome"), perhaps in the mid-Pleistocene (Wendel, 1989; 
Seelanan et al., 1997). Four different members of this genus have been domesticated at 
different times in human history, G. hirsutum, G. barbadense, G. herbaceum, and G. 
arboreum. Currently, 90% of the world's cotton comes from G. hirsutum, with most of the 
remaining commercial cotton coming from G. barbadense (Wendel et al., 1992). 
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The cotton fiber from which textiles are made are single-celled, epidermal trichomes 
that develop on the maturing seed. Within the genus, there is a wide range of trichome 
densities, from nearly glabrous, in species such as G. davidsonii, to thick, long fibers that 
completely obscure the seeds, as in the cultivated members. The genes involved in this 
variable phenotype are unknown. However, there is much speculation concerning the types 
of genes that may be responsible for the evolution of novel phenotypes (Doebley and Lukens, 
1998). These authors and others have suggested that transcription factor evolution may play 
a significant role in morphological evolution. 
Recent work in cotton has revealed that several members of the MYB transcription 
factor family are expressed in the cotton ovule during fiber initiation. Loguercio et al. ( 1999) 
screened a -3dpa (3 days prior to anthesis) cotton ovule cDNA library for MYB genes using 
primers designed to amplify a highly conserved region of the gene family. They found that 
at least six members of this gene family are expressed during ovule and/or fiber 
development. This initial study has resulted in a more thorough effort to understand the role 
of transcription factors in morphological evolution and the importance of MYB genes in 
plants. 
The MYB family of transcription factors is the largest family of regulatory genes in 
plants, and indeed one of the largest gene families known (Romero et al., 1998). While these 
factors have been found in all organisms studied to date, the number of MYB genes found in 
plants is significantly higher than in other organisms. The origin and evolutionary history of 
members of this large gene family are thus of interest. Additionally, the fact that this is a 
family of regulatory genes that seems to function in plant-specific processes provides further 
incentive for those interested in morphological evolution. 
Myb factors are defined by the helix-tum-helix motif of their DNA-binding domain. 
In animals, most myb proteins contain three repeats of this domain (Rl, R2, and R3), while 
in plants most myb proteins have only two repeats (R2 and R3), although both one repeat and 
three repeat mybs have been found in plants (Kranz et al., 2000; Braun and Grotewold, 
1999). Current data indicate that these transcription factors exist in high copy numbers in 
higher plants (Martin and Paz-Ares, 1997; Rabinowicz et al., 1999). Evidence from both 
maize and Arabidopsis places the number of MYB genes at over 125 in both genomes 
(Romero et al., 1998; Meissner et al., 1999; Rabinowicz et al., 1999). More recent work in 
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sorghum (Jiang, unpublished) and cotton (Cedroni, unpublished) suggest that there may be 
closer to 200 mybs in each of the latter species. 
Studies involving the MYB family of transcription factors have provided evidence that 
morphological change can occur due to the evolution of transcriptional activators. MYB 
transcription factors make up a large gene family in plants conferring a wide range of 
functional diversity. Myb factors have been shown to influence the development of 
trichomes and cell shape in Nicotiana tabacum (Payne et al., 1999), flower color in 
Antirrhinum majus (Noda et al., 1994), determination of epidermal cell fate (Wada et al., 
1997) and the development of the inflorescence in Arabidopsis thaliana (Kirik et al., 1998), 
and the regulation of flavonoid pigment synthesis in floral organs of maize (Zhang, et al., 
2000). Additionally, MYB genes have been found to have different expression patterns, both 
in timing and tissue specificity, in developing organs of Gossypium hirsutum. This evidence 
indicates that these transcription factors play a significant role in developmental processes in 
higher plants. 
Recently, work has begun on isolating the genes that may be involved in fiber 
development in cotton. Loguercio et al. (1999) screened a -3dpa (3 days prior to anthesis) 
cotton ovule cDNA library for MYB genes using primers designed to amplify the highly 
conserved R2R3 region of the gene family. Fifteen clones were isolated and sequenced. 
Among the fifteen clones screened six unique MYB genes were detected. After acquiring 
full-length cDNA sequences from G. hirsutum, expression patterns were examined for each 
of the six MYES. Using RT-PCR and primers specific for each MYB, preliminary analysis of 
the differences in expression timing and tissue specificity were presented. 
Here, the molecular evolution of these six genes was examined to determine the rates 
and patterns of nucleotide and amino acid evolution, using a phylogenetic framework 
provided by the cotton genus. We were particularly interested in whether there was evidence 
of strong directional selection for any of the 6 MYBs, and whether rates of molecular 
evolution are the same at the diploid and polyploid levels. Expression patterns were also 
explored to evaluate the effects of polyploidy on duplicate gene expression and the degree of 
expression conservation during organismal divergence at the diploid level. At the polyploid 
level, we examined whether both genomic copies were co-expressed and if there has been 
tissue-specific partitioning of function. 
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Materials and Methods 
Plant materials 
Myb genes were isolated from 4 different species, the allopolyploid (AD-genome) G. 
hirsutum L., living models of its two ancestral genome donors, G. herbaceum L. (A-genome) 
and G. raimondii Ulbrich (D-genome), and Gossypoides kirkii (Masters) J.B. Hutchinson, 
which was included as a phylogenetic outgroup (Seelanan, et al., 1997). 
For expression analysis organs were harvested from three different taxa, G. raimondii 
Ulbrich, G. arboreum L., and G. hirsutum L. For RNA extractions, young leaves were 
harvested on the day of extraction, cotyledons were harvested 7 days after planting, and all 
floral organs (petals, androecium, and gynoecium) were harvested the day the flower opened. 
Ovular RNA was extracted from ovules harvested 5, 10, 15, and 20 days post-anthesis. 
Gene amplification and sequencing 
In an attempt to discover genes that may be involved in fiber development in cotton, 
Loguercio et al. (1999) found six MYB genes that are expressed during fiber initiation. Based 
on the work of Loguercio et al ( 1999) and sequences from GenBank, forward primers were 
designed for amplication of full-length (or nearly full-length) sequences from each of the six 
cotton fiber mybs (GhMYBl-6) (Table 1). For all genes, except GhMYB4, the reverse 
primers from Loguercio et al (1999) were used. A reverse primer was designed for GhMYB4 
in order to amplify the entire coding region. Cycling parameters were 1 min at 80°C 
followed by 30 cycles of 1 min at 95°C, 1 min at 50°C, 2 min at 72°C and then a final 10 min 
extension at 72°C. In the diploid species PCR products for each of the MYBs except 
numbers 4 and 6, were directly sequenced. To confirm sequences and check problematic 
regions from direct sequencing of amplification products, GhMYBs 4 and 6 were cloned into 
pGemT from G. herbaceum and G. raimondii and sequenced from plasmids. 
Because the allopolyploid derivative of the A-genome and D-genome diploid cottons 
contains two copies ("homoeologues") of each gene, it was necessary to clone the 
amplification pools for each MYB gene studied. The same primers as above were used to 
obtain PCR products from Gossypium hirsutum for each of the six MYBs. PCR products 
were cloned using the pGEM cloning kit (Promega), and homoeologues were identified 
either by diagnostic restriction site analysis prior to sequencing or by comparison with 
sequences from diploids subsequent to sequencing. A minimum of 3 clones was used to 
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determine the sequence for each homoeologous copy for each of the six genes. Due to primer 
bias for the D subgenome of G. hirsutum in the cloning of GhMYB4, the A subgenome was 
obtained by sequencing off of a BAC clone. 
Southern hybridization analysis 
Southern blot analysis was used to verify that each of the six genes studied was 
single-copy in each taxon included in the study. Probes were specific for each of the six 
genes, and high-stringency conditions were employed using blots containing restriction-
digested DNA from A-genome (Gossypium herbaceum and Gossypium arboreum) and D-
genome ( Gossypium raimondii and Gossypium trilobum) diploids and from the tetraploids 
Gossypium hirsutum and Gossypium barbadense. Each DNA was digested using five 
different restriction enyzmes, Eco RI, HindIII, Eco RV, BamHI, and Pstl. Two additional 
restriction enzymes, Dral and Cfol, were used on blots containing the A-genome species. 
Phylogenetic analyses and determination of substitution rates 
For each of the six myb genes isolated from the five genomes included in the study 
(three diploids, two homoeologues from the allopolyploid), phylogenetic analysis was 
conducted using PAUP* 4.0bl (Swofford, 1998). Because of the small number of genes in 
each analysis (5), maximum parsimony analysis was performed using an exhaustive search. 
For each of the trees recovered, inferred substitutions were inspected for evidence of 
intergenomic recombination in the allopolyploid nucleus and topologies were inspected for 
branch length inequalities. The former would suggest gene conversion or some other form of 
molecular interaction among homoeologues whereas the latter would suggest relaxed or 
strong directional selection. Rates of synonymous and nonsynonymous substitutions were 
calculated for the coding region of each GhMYB using DnaSP version 3 (Rozas and Rozas, 
1999). 
RNA isolation 
RNA was isolated from Gossypium arboreum (AKA-8401), Gossypium raimondii 
(Galau's), and Gossypium hirsutum (TMl) using the Wilkins and Smart (1996) hot-borate 
RNA extraction method modified for microscale extractions. RNA was extracted from 0.2 -
0.3 grams of cotyledons, leaves, androecium, gynoecium (without ovules), and petals. 
Additionally, RNA was extracted from ovules ranging from 5, 10, 15, and 20 days following 
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anthesis. To remove DNA contaminants RNAs were incubated with DNase I, using the 
protocol supplied by Ambion (Austin, TX). 
RT-PCR and gene expression 
The Ambion® RETROscript TM Kit was used for cDNA synthesis from each organ 
and species included in the study except in the case of ovules. Equal amounts of ovular RNA 
from 5, 10,15, and 20 dpa were added to the first strand synthesis reaction to yield a 
heterogeneous pool of cDNA. The PCR conditions detailed above were used for 
amplification of the MYB transcripts from each of the six MYBs from each organ type and 
taxon. 
Results from RT-PCR were used to determine if gene expression (at the message 
level) was conserved between diploid and tetraploid species of cotton. To determine if gene 
expression is conserved for the two homoeologues of G. hirsutum, PCR products from 
GhMYBJ were digested with restriction enzymes that were diagnostic for the duplicated 
copies potentially present in the RNA pool from G. hirsutum, using RNA preparations from 
leaves, cotyledons, petals and the androecium. The copy from the A subgenome was 
diagnosed by a unique restriction site for Nla III, while the D subgenome homoeologue was 
distinguished by a unique Pflml site. 
Results 
Characterization of six MYB genes 
Each of the six MYB genes was amplified from 3 diploid species, G. raimondii, G. 
herbaceum, and for outgroup comparison, Gossypoides kirkii. Additionally, both 
homoeologous copies from Gossypium hirsutum were obtained and sequenced. Southern 
hybridization results indicate that the MYB genes studied exist in single copy in the diploids, 
with the bands for the diploids being additive in the tetraploid species (results not shown). 
These results lend confidence to the supposition that we isolated orthologous copies from the 
divergent diploids included in the analysis, as well as both homoeologous copies of each 
gene from allopolyploid cotton. 
Gossypium MYB genes are typical of the majority of MYB genes described, having the 
same intron/exon structure (Romero et al., 1998) and consensus amino acid sequence 
common to plant MYBs (Martin and Paz-Ares, 1997). Full-length sequences (except for 
GhMYB2, where 87 bp at the 3' end of the gene was not obtained) for the six genes studied 
18 
ranged in length from 662 bp (GhMYBJ) to approximately 2160 bp (GhMYB4); the exact 
length of GhMYB6 could not be determined due to strings of Aff ( 12 to 15) within both 
introns that failed to yield a clear consensus when sequenced multiple times. No variation 
was observed in exon lengths within Gossypium for any of the genes, but exon III in the 
Gossypioides kirkii GhMYB 1 and GhMYB5 sequences were two and one codons shorter than 
their orthologues in Gossypium. Accordingly, length variation among orthologues of any 
MYB gene was due to small (one to several base pair) insertions and deletions in the introns. 
Most length variation among genes reflects the variable size of intron IL This intron, 
which is present in most angiosperm MYB genes, typically is between 75 and 100 base pairs 
in length. However, it is absent in GhMYB2 and GhMYB3 and is much larger (circa 650bp) 
in GhMYB4. The absence of intron II from GhMYB2 and GhMYBJ make these genes 
somewhat unusual, although it has been estimated that 10% of all angiosperm MYB genes 
lack this intron (Romero et al., 1998). For GhMYB4, both intron II and exon III are 
significantly longer than these regions in the other five genes. Intron II ranges from 82bp in 
GhMYB5 to 629bp in GhMYB4, and exon III ranges from 421 in GhMYB6 to 1107bp in 
GhMYB4. 
In silica translations of the six MYB genes revealed familiar patterns of amino acid 
conservation at sites known to be highly conserved among plants (Martin et al., 1997; 
Romero et al., 1998). GhMYB5 is the most divergent of the cotton MYBs (data not shown). 
Analysis of amino acid sequences reveals that even in the most highly conserved regions, 
GhMYB5 differs from the other five genes. For example, amino acid position 60 is a highly 
conserved leucine residue in angiosperm MYBs (Martin et al., 1997; Romero et al., 1998), 
but in GhMYB5, this residue is replaced by methionine. 
Phylogenetic analysis of the six MYB genes 
Phylogenetic analysis of the Gossypium MYB genes revealed the topology expected 
from the well-established organismal history. Specifically, when rooted with the orthologous 
sequence from the outgroup Gossypioides kirkii, Gossypium sequences for each of the MYB 
genes fall into two clades, each containing one of the two homoeologues from allopolyploid 
cotton and the corresponding copy from the progenitor diploid genome (Fig. 1). This 
topology was obtained in all six cases, demonstrating that the duplicated genes in the 
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allopolyploid have evolved independently of one another following polyploid formation, as 
reported previously for other homoeologous locus-pairs in Gossypium (Cronn et al., 1999). 
For each of the six genes studied, one or more cDNA sequences from G. hirsutum 
were available for comparison (Loguercio et al., 1999). Except for GhMYB4, the cDNA 
sequence was 100% identical to one of the homoeologues recovered from G. hirsutum 
genomic DNA. Inspection of the GhMYB4 gene tree indicates that while this cDNA is 
similar to the D subgenome, it is more divergent than expected, suggesting it is a relatively 
closely related but distinct gene (paralogue ). This suggestion is supported by other evidence 
as well. Specifically, difficulties encountered in sequencing GhMYB4 from G. raimondii and 
G. herbaceum necessitated cloning of PCR products; sequencing of five clones from G. 
herbaceum (A-genome) yielded at least two different sequences. Whereas Southern blots 
appear to initially suggest that GhMYB4 exists in single copy per diploid genome, our present 
interpretation is that the gene has undergone a recent duplication at some time prior to 
divergence of A- and D-genome diploid cottons. 
Inspection of the branch lengths shown in Figure 1 reveals high similarity between 
sequences from the diploids and their counterparts in the allopolyploid, as expected from a 
relatively recent origin of the polyploids (Wendel, 1989). Branch lengths were otherwise 
unremarkable, suggesting approximately equal rates of substitution at the diploid and 
allopolyploid levels. 
Rates of sequence evolution 
Nucleotide substitution rates were calculated for all pairwise comparisons among 
orthologous copies for each MYB gene and were tabulated separately for synonymous (Ks) 
and nonsynonymous (Ka) sites (Table 3). Due to problems encountered in sequencing 
GhMYB4, only partial sequences were obtained from Gossypiodes kirkii and the A 
homoeologue of G. hirsutum. The region obtained for these two sequences includes most of 
intron II and part of exon III. As these are the most variable regions of the MYB gene, 
GhMYB4 was excluded from the following calculations. 
The nucleotide substitution data reinforce the phylogenetic results in showing that 
rates of sequence substitution are modest. As shown in Table 3, synonymous rates vary 
approximately three-fold among genes within Gossypium, with the slowest evolving gene 
being GhMYB6 and the fastest being GhMYBJ and GhMYB2. When mean divergence 
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between all ingroup sequences and the outgroup orthologue are calculated for each gene, this 
range increases to nearly six-fold, due to the particularly long branch separating the 
Gossypium GhMYBJ sequences from the Gossypioides kirkii GhMYBJ sequence. The data 
also underscore the high degree of evolutionary constraint on the MYB genes, as relatively 
few replacement substitutions were detected (final column, Table 3) and most Ks/Ka ratios 
are relatively high. The most noteworthy exception is for GhMYB6, where the ratio 
approaches unity. Inspection of the pattern of substitution indicated that there were only four 
silent mutations in the coding region of GhMYB6, compared to 17 nonsynonymous 
substitutions, all in exon III. 
The data of Table 3 permit a comparison to be made between rates of sequence 
evolution at the diploid and allopolyploid levels. Given the phylogenetic framework of the 
species under study, if rates of sequence evolution are independent of ploidy, then the 
amount of divergence between orthologues from diploids (D vs. A) should be the same as 
that between homoeologues (DH vs. AH). As revealed by Table 3, this appears to be the case; 
in two of five comparisons ( GhMYB2 and GhMYB5), diploid divergence exceeds that 
exhibited by homoeologues from the allopolyploid, whereas for the other three genes the 
reverse is true. We suspect that the fluctuation in diploid/polyploid comparisons reflects 
stochastic variation associated with relatively low divergences, and conclude that there is no 
evidence of accelerated sequence evolution for these MYB genes in allopolyploid cotton. 
Conservation of expression 
Insofar as examined to date, patterns of transcript accumulation for the six MYB genes 
appear to be evolutionarily conserved between both diploids and the allopolyploid. For each 
locus, RT-PCR results revealed that all three species (G. arboreum, G. raimondii, and G. 
hirsutum) shared the same expression pattern (results not shown). GhMYBJ, GhMYB2, and 
GhMYB6 each appear to be expressed in all organs examined, whereas GhMYB3, GhMYB4, 
and GhMYB5 show a more restricted distribution of transcript accumulation. GhMYB3 and 
GhMYB4 transcripts were detected only in the gynoecium, while GhMYB5 was not detected 
in any of the organs tested. 
To evaluate whether the mRNAs detected by RT-PCR experiments reflect 
transcription of one or both homoeologues in the allopolyploid, restriction enzymes 
diagnostic of each of the two homoeologues were used. GhMYBJ was the only gene that 
showed a high level of expression in all organ types and for which appropriately useful 
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diagnostic restriction sites existed. For this reason, only GhMYB 1 was examined using this 
method. As shown in Figure 2, GhMYBJ mRNA accumulation appears to reflect 
transcription of both copies of GhMYB 1 in the genome of G. hirsutum. The transcript pool, 
however, does not appear to be equally derived from the two homoeologues; instead, there is 
a biased accumulation of A-genome transcripts, particularly in some organs. Approximately 
equal proportions of the two types of transcripts are evident in RNA preparations from the 
androecium. 
Discussion 
Cronn et al. (1999) demonstrated that most genes duplicated during polyploidy 
exhibit sequence evolution patterns indicative of independent evolution in the allopolyploid 
nucleus. The molecular evolution of the MYB genes studied, for the most part, confirmed 
these expectations. Five of the six MYB genes studied (all but GhMYB4) are shown to exist 
in a single copy in each progenitor diploid genome and shown to be accumulating mutations 
at approximately equal rates and in a pattern indicative of functional conservation. For each 
of these genes, phylogenetic analysis yields the topology expected from the known history of 
Gossypium, and in the process provides additional evidence that for each gene studied, the 
two homoeologous copies have been evolving independently of one another subsequent to 
allopolyploid formation. Moreover, there appears to a general equivalence in evolutionary 
rates at the diploid and allopolyploid levels. Though these results confirm conclusions 
reached earlier (Cronn et al., 1999), they provide a contrast to the non-independent evolution 
exhibited by homoeologous ribosomal genes (Wendel et al., 1995), which are highly 
reiterated in the genome. Thus, the present study offers the new twist that while each of the 
MYB genes is part of a large gene family, their evolutionary behavior resembles that of single 
copy genes. 
In addition to conservation of copy number and rates of molecular evolution for the 
genes studied, expression patterns, as measured by transcript accumulation, also appear to be 
conserved among diploids and between diploid and allopolyploid Gossypium. Furthermore, 
in at least one case (for GhMYBJ) both homoeologues are transcribed, although not 
necessarily equally nor similarly in each organ studied (Figure 2). Specifically, it appears 
that in some organs the "A" transcript is more abundant than the "D", suggesting the 
possibility of nascent partitioning of function of duplicated genes in the polyploid. It will be 
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interesting to expand the analysis to include other duplicated MYBs, to explore the 
possibilities of partitioning of ancestral function, or "subfunctionalization" (Force et al., 
1999; Lynch and Force, 2000), as well as proportional contributions of the two 
homoeologues to the transcriptome. 
Several studies have demonstrated that the R2R3 domains of MYB genes are highly 
conserved (reviewed in Martin and Paz-Ares, 1997). Since this region includes the DNA 
binding domain, this conservation is readily explained by functional constraints. It seems 
probable, however, that the remaining portions of MYB genes are not under as stringent 
stabilizing selection. This is reflected not only in the size variation in exon III ( or exon II in 
those genes lacking intron II), but also in the patterns of sequence substitution, where exon 
III is shown here to tolerate a higher frequency of nonsynonymous substitutions (Table 3). 
Analysis of rates of synonymous and nonsynonymous substitutions in GhMYB6 
yielded an unexpected result that bears comment. The number of nonsynonymous 
substitutions ( 17) is much greater than the number of silent mutations in the coding region 
(4). These results might be expected under a scenario of strong directional selection, but this 
is counterindicated by the phylogenetic tree (Fig. 1) and substitution data (Table 3), which 
demonstrate that there is no rate acceleration in any lineage. Additionally, it does not appear 
as though the actual number of replacements is unusually high for GhMYB6, since the 
number of replacements ranges from 12-16 for the other five genes. Therefore, it seems 
plausible to suggest that the aberrant Ks:Ka ratio reflects a decrease in the rate of silent 
substitution for GhMYB6. The recent study of Hurst and Pal (2001) is notable in this respect. 
They found that in some cases selection may act to decrease the number of silent mutations, 
perhaps through strong codon usage bias. Whether this type of selection applies to GhMYB6 
is at present obscure. 
In their initial work, Loguercio et al. (1999) discovered that each of the six MYB 
genes is expressed at the mRNA level in G. hirsutum, implying that each of these genes 
encodes a functional protein. There is no evidence, either in the nucleotide or amino acid 
sequences, to suggest that any of the genes has become nonfunctional in any of the taxa 
studied here. In fact, analysis of the pattern of nucleotide substitutions and the RT-PCR 
evidence to date suggests that each of these genes is expressed, in at least one organ, both in 
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the diploids G. raimondii (D-genome) and G. arboreum (A-genome) and in the derived 
allopolyploid G. hirsutum. 
GhMYB4 presents a likely exception to the assertion that each of the six cotton MYB 
genes is present in only one copy per diploid genome. As noted previously, two unique 
sequences were found for both the A-genome diploid species G. herbaceum and the D-
genome of the allotetraploid G. hirsutum. Southern hybridization results do not indicate that 
GhMYB4 exists in more than one copy per diploid genome, but these data do not exclude the 
possibility of a recent duplication where flanking restriction sites are conserved. 
Alternatively, GhMYB4 may be heterozygous in both species in question, although the plants 
used are highly inbred and heterozygosity is rarely evident. The detection of a probable 
recent gene duplication for a MYB transcription factor provides a suggestion that the 
historical massive expansion of the gene family is not yet complete, and that gene copy 
number is likely to be highly labile from lineage to lineage (as with Adh genes; Small and 
Wendel, 2000). 
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Table 1. Amplification primers for 6 fiber-expressed MYB genes in cotton. 
Locus Forward Primer 
GhMYB 1 5' GT A ACT GAT GGG ACG ATC ACC ITG IT 3' 
GhMYB2 5' GGC TAA TAA TGG CTC CAA AGA AGG CTG 3' 
GhMYB3 5' GGG CCA CTA AAG AAT GGA GCA 3' 
GhMYB4 5' GGC AGT TAC ACA TAG GGA GAT 3' 
GhMYB5 5' GCC TCT CCG ACT GTA A TT AAC C 3' 
GhMYB6 5' GAA ACT CCG A TG AGA AAA CCT TGC T 3' 
Reverse Primer 
5' ACC CTA TGA ATC CAA GGG TC 3' 
5' CCA AAC CAA AGC AAC CIT CCG 3' 
5' GCT ACAGTTCACTATGTCGG3' 
5' TCC ATC ACA AAT CAG TIT ACA AA 3' 
5' ACGAIT ACGAATTCA TGTGG3' 
5' ACA ATG GCG TGC ATG TTG CCT T 3' 
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Table 2. Characterization of six MYB genes in diploid and allopolyploid cotton 
Locus 
GhMYBl 
GhMYB2a 
GhMYB3 
GhMYB 4b 
GhMYB5 
GhMYB 6c 
Aligned 
length 
1066 
588 
(675) 
662 
2122 
1078 
933-937 
Absolute 
length 
1060 (AH) 
1063 (DH) 
1063 (D5) 
1060 (Al) 
1059 (k) 
Exon 
lengths 
E1=133 
E2=130 
E3=622 
616 (k) 
Intron 1 
length 
86 
89 (k) 
675(AH) El=l36 78(AH) 
674(DH) E2=461 78(DH) 
674(D5) 77(Ds) 
675(Al) 77(Al) 
674 (k) 77 (k) 
662 E1=133 80 
661 (k) E2=449 79 (k) 
Intron 2 
length 
89(AH) 
92(DH) 
92(05) 
89(Al) 
91(k) 
absent 
absent 
? (AH) El=l33 102 ? (AH) 
2068(DH) E2=130 596(DH) 
2066(D5) E3=949 594(D5) 
2092(A1) 1099(cDNA) 629(A1) 
?00 
1064(AH) E1=160 100 82(AH) 
1071(DH) E2=130 95 (k) 89(DH) 
1070(D5) E3=592 88(D) 
1064(Al) 589 (k) 82(Al) 
1070(k) 96(k) 
921-925(AH) El=l30 92-25(AH) 152-153(AH) 
930-934(DH) E3=130 95-98(DH) 154-155(DH) 
925-929(D5) E3=421 91-94(D5) 154-155(D5) 
924-928(A) 92-95(Al) 152-153(Al) 
893-897(k) 87-90(k) 129-130(k) 
Taxa include an allotetraploid, the two genome donors to the allotetraploid, and an outgroup. 
AH= A subgenome from G. hirsutum; DH= D subgenome from G. hirsutum; D5 = G. 
raimondii; A1 = G. herbaceum; k = Gossypiodes kirkii. Lengths indicated are conserved 
unless parenthetically noted otherwise with taxon abbreviations. 
a Partial sequence used in this analysis 
bPortions of the A subgenome and Gossypiodes kirkii copies were not obtained 
The range of values for GhMYB6 reflect strings of Ts that were not unambiguously resolved. 
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Table 3. Srnonrmous and nonsrnonrmous substitution rates for MYB genes in cotton· 
Ks /Ka/Ks:Ka ratio c 
Locus D5 VS A, DH VS AH Al VS AH D5VS DH Comparisons Total 
to kd Replacements 
GhMYBl .0429 .0490 .0059 .0000 .1030 El=l 
.0082 .0099 .0016 .0033 .0128 E2=0 
5.2:1 4.9:1 3.7:1 8.1:1 E3=11 
GhMYB2b .0426 .0381 .0104 .0000 .0343 El=l 
.0081 .0027 .0000 .0054 .0259 E2=10 
5.3:1 14.1:1 1.3:1 
GhMYB3 .0278 .0469 .0091 .0092 .0764 El=l 
.0094 .0141 .0000 .0047 .0201 E2=11 
3.0:1 3.3:1 2.0:1 3.8:1 
GhMYB5 .0270 .0215 .0000 .0053 .0451 E1=4 
.0090 .0105 .0015 .0000 .0185 E2=0 
3.0:1 2.0:1 2.4:1 E3=12 
GhMYB6 .0144 .0217 .0071 .0000 .0163 El=O 
.0186 .0144 .0082 .0123 .0176 E2=0 
0.8:1 1.5:1 0.9:1 0.9:1 E3=17 
a Taxa include an allotetraploid, the two genome donors to the allotetraploid, and an 
outgroup. A"= A subgenome from G. hirsutum; DH= D subgenome from G. hirsutum; D5 = 
G. raimondii; A1 = G. herbaceum; k = Gossypiodes kirkii. GhMYB4 was omitted because 
of incomplete data from the A subgenome and Gossypiodes kirkii. E2 in GhMYB2 and 
GhMYB3 is equivalent to E2+E3 in the other MYB genes. 
bPartial sequence used for this analysis 
c For each comparison, there are three numbers that represent (top) the number of 
synonymous substitutions per synonymous site (Ks); (middle) the number of nonsynonymous 
substitutions per nonsynonymous site (Ka); (bottom) the Ks:Ka ratio 
d Mean of all pairwise comparisons between A 1, D 5, AH, DH , 
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Figure 1. Most-parsimonious trees obtained for six MYB genes expressed during fiber 
initiation in diploid (her, rai) and polyploid (A sub, Dsub, cDNA) cotton. Gossypiodes kirkii 
(kirk) was included as a phylogenetic for outgroup. Branch lengths indicate the number of 
inferred changes. 
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Figure 2. Restriction digest of GhMYB 1 to determine expression patterns of homeologous 
GhMYBJ copies from G. hirsutum. Genome designation are above each band: A= G. 
arboreum: D= G. raimondii: and AD= G. hirsutum. Organ types are listed below each lane: 
lvs=leaves; cot=cotyledons; pet=petals; and=androecium; and gen=genomic DNA from G. 
hirsutum (control). (Top) Restricition digest using PflMl. This enzyme has a unique 
restriction site in GhMYBJ in the D diploid and the D subgenome. Banding patterns suggest 
that both sub genomes are expressed, although unequally. (Bottom) Restriction digest using 
Nlalll. This enzyme reveals a diagnostic, shared restriction site within the A diploid and the 
A subgenome. There is no Nlalll site in the D subgenome, but there is a site unique to the D 
diploid (lane 2). As in the top panel, it appears that the A-subgenome transcripts are more 
abundant than those from the D homeologue. 
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CHAPTER 3. THE MYB MULTI GENE FAMILY IN COTTON 
A manuscript prepared for submission to the J oumal of Molecular Evolution 
Maria L. Cedroni, Richard C. Cronn, John D. Nason and Jonathan F. Wendel 
Abstract 
The MYB family of transcription factors exists in high copy number in plant genomes. 
To explore the complexity and evolutionary relationships among gene family members, we 
used a PCR-based approach to amplify MYB sequences from genomic DNA in the diploid 
cotton, Gossypium arboreum L. A highly conserved region within the R2R3 domain, 
spanning intron II, was cloned and approximately 250 clones were sequenced, leading to the 
detection of 63 unique MYB-homologous sequences. Using this information and a newly 
developed statistical technique, we estimate the total number of MYBs in the cotton genome 
to be at least 230. Phylogenetic relationships among the cotton MYBs and among a broader 
sampling of angiosperm MYBs reveals a complex history of nested gene-lineage 
amplification. Results from phylogenetic analysis of dicot (cotton and Arabidopsis) and 
monocot (maize, sorghum, and barley) MYB sequences provide further evidence of an origin 
that precedes the monot/dicot divergence. Furthermore, results from phylogenetic analysis 
suggest that there have been perhaps as many as six independent losses of intron II in the 
MYB multigene family in cotton. 
Introduction 
Since the discovery of the first myb transcription factor in plants (Paz-Ares et al., 
1987), there has been an increasing awareness of the importance of this gene family in plant 
biology. Because plant genomes harbor more MYB-homologous members than other 
organisms (Romero et al., 1998; Meissner et al., 1999; Rabinowicz et al., 1999), and because 
at least some myb factors function in plant-specific processes (reviewed in Jin and Martin, 
1999), the origin and evolution of this MYB gene diversity is of some interest. Moreover, a 
growing body of evidence suggests that transcription factors play a significant role in 
morphological evolution (Raff, 1996; Doebley and Lukens, 1998; Liu, 1999). This raises the 
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possibility that study of the evolution of a family of transcription factors could provide 
important information concerning the evolution of gene regulation at the transcriptional level, 
thereby contributing to our understanding of the factors that influence the evolution of form. 
As an initial step in this process, we undertook an exploration of the MYB gene family in 
cotton, both to characterize this gene family within a single species and to gain a better 
understanding of evolutionary relationships among a broader sampling of angiosperm MYBs. 
Myb transcription factors are defined by their DNA binding domain. In plants, this 
domain typically consists of two 51-52 amino acid repeats, known as R2 and R3. These 
repeats are so named due to the initial discovery of myb transcription factors in animals. The 
typical animal myb has 3 repeats, R 1, R2, and R3. Each repeat, in both plants and animals, 
consists of three a-helices that form a helix-tum-helix motif during DNA binding 
(Rabinowicz et al., 1999). Each of these repeats has been shown to be more similar to the 
same repeat of a different protein than to another repeat from the same protein (reviewed in 
Martin and Paz-Ares, 1997), indicating that the repeats do not evolve in a concerted fashion 
(Eldon and Turner, 1995). 
In every organism for which myb transcription factors have been sought, at least one 
has been found (Lipsick, 1996). However, in organisms other than plants, the number of 
MYB genes is relatively low. The plant MYB family, on the other hand, has been greatly 
amplified. It is estimated that Arabidopsis and maize each contain at least 125 myb factors 
(Romero et al., 1998; Meissner et al., 1999; Rabinowicz et al., 1999; Riechmann et al., 
2000). More recently, it has been suggested that there may be 200 MYBs in sorghum (Jiang, 
unpublished), and as reported here, the number of MYBs in the cotton genome is likely to be 
close to this latest figure. 
Several studies document the extent of gene duplication and phylogenetic 
relationships within the MYB gene family (Romero et al., 1998; Rosinski and Atchley, 1998; 
Rabinowicz et al., 1999; Oberholzer et al., 2000; Jiang, unpublished). More gene sequences 
recently have become available for inclusion in global phylogenetic analysis, raising the 
possibility that by increasing the sampling of both organismal and MYB lineages additional 
insights into the evolutionary history of the gene family will emerge. Oberholzer et al. 
(2000) suggest that MYB amplification in plants occurred before the monocot/dicot 
divergence. Our data support this hypothesis and provide additional perspective on the 
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history of MYB gene family amplification, revealing a complex pattern of gene loss and 
duplication. 
Materials and Methods 
Plant materials and PCR amplification 
To estimate the number of MYB genes in cotton, a portion of the highly conserved 
R2R3 region was amplified from Gossypium arboreum L. genomic DNA. The following 
degenerative primers, described by Rabinowicz et al. (1999), were used: 
5' AARWSNTGYMGNYTNMGNTGG3' and 3'CCARTARTTYTTNAYNTSRTTRTC5'. 
In an effort to sample MYB diversity as broadly as possible, two different extension times (2 
or 3 min) and two different annealing temperatures (50° C or 46°C) were used. Cycling 
parameters were 30 cycles of 1 min at 95°C, 1 min at 50°C or 46°C, and 2 or 3 min at 72°C. 
PCR products were pooled and cloned as described below. 
Cloning and sequencing 
PCR products were cloned using either the pGEM®-T Easy Vector system (Promega, 
Madison, WI) or the TOPO TA Cloning® Kit (Invitrogen, Carlsbad, CA). White to light 
blue clones were picked and boiled and then screened for inserts using the vector primers T7-
1 and M13R. Following sequencing using vector primers, sequences were BLASTed against 
the GenBank database to determine if they showed homology to other MYB genes. 
Sequences were analyzed using Sequence Navigator™ version 1.0.1. Determination 
of similarity to other MYB-Iike sequences was accomplished using BLAST searches of the 
protein database [blastx]. Nucleotide sequences were translated into amino acids for further 
analysis. 
Estimation of MYB copy number 
The program "Species JK" was used to estimate the number of MYB genes in G. 
arboreum. This program uses the Burnham and Overton jacknife estimator (Burnham and 
Overton, 1979) to estimate the total number of individuals in a population based on the 
redundancy found in sampling. For this study, the number of counts for each putative MYB 
were tabulated and used as input to the program. 
Phylogenetic analyses 
Amino acid sequences consisting of 44-46 residues from cotton, Arabidopsis, maize, 
and sorghum, corresponding to the last five residues of the R2 repeat, the more variable 
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region that links the two repeats, and approximately 30 amino acids into the R3 repeat, were 
aligned using Clustal W (Thompson, et al., 1994). Additionally, 10 sequences from rice, 4 
from barley, and 1 each from Petunia, Antirrhinum, and tobacco were included for further 
comparisons. In total, a data set of 245 MYB sequences was assembled from these taxa for 
phylogenetic analysis. 
To explore the evolutionary history of the MYB family in angiosperms (hereafter the 
"global analysis"), MEGA version 2.0 (Kumar et al., 2001) was used for neighbor-joining 
analysis, using the amino acid sequences and a distance matrix contructed using total number 
of differences. Tree support was assessed in MEGA version 2.0 using bootstrap analysis. 
The evolutionary history of the MYB gene family in cotton (the "cotton analysis") 
was examined by maximum parsimony analysis of 63 sequences from G. arboreum and six 
from G. hirsutum using PAUP* 4.0b 1 (Swofford, 1998). Heuristic searches were performed 
using only first and second codon positions because of problems with third-position 
saturation. A consensus of the 36 equally most-parsimonious trees was generated and 
midpoint-rooted because an appropriate outgroup was not evident. The same sequences were 
examined using neighbor-joining analysis, as for the global analysis. 
Results 
Estimation of copy number in cotton 
To estimate the number of MYB genes in cotton, the conserved region of the R2R3 
domains was amplified from G. arboreum genomic DNA and cloned into E.coli. The region 
amplified ranged from 129bp to 559bp, reflecting the variable size of intron (intron II) in this 
region. The average size of this intron is 101 bp, with 10 of the MYB sequences recovered 
from G. arboreum lacking this intron, and 8 being more than 150bp in length. There were no 
stop codons found in the putative coding regions for any of the MYB sequences recovered. 
Nearly 500 clones were screened for the presence of inserts. Of these, approximately 
250 inserts were sequenced, 154 of which showed homology to other MYB sequences. After 
checking for redundancy, 63 of the sequences were determined to be unique. 
Using the number of times each sequence was sampled to estimate the total number 
of MYBs, we estimate that there are at least 230 MYB sequences in G. arboreum. Although 
the amplification primers used were both degenerate and designed around highly conserved 
regions, thereby allowing for the amplification of a wide diversity of MYB genes, some MYB 
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sequences may have sufficient primer site divergence to escape detection by our screening 
method. In addition to this primer bias or primer selection, highly divergent genes and 
pseudogenized genes would also not be sampled. Consequently, the estimate of 230 
represents a lower-bound estimate of the true number of MYB sequences in the cotton 
genome. 
Phylogenetic relationships among MYB sequences in monocots and dicots 
Amino acid sequences from cotton, Arabidopsis, maize, sorghum, rice, barley, 
Petunia, Antirrhinum, and tobacco were analyzed to study the evolutionary history of the 
MYB gene family. Neighbor-joining analysis of 245 MYB-like amino acid sequences 
revealed that sequences from monocots and dicots are intermingled throughout the 
phylogenetic tree (Figure 1). This indicates that the MYB gene family has an ancient origin, 
predating the monocot/dicot divergence, as suggested previously by other authors (Romero et 
al.,1998; Rabinowicz et al., 1999; Oberholzer et al., 2000). The tree topology shows 
extensive interdigitation of MYB genes throughout the tree. This is most evident in groups 1, 
3, 7 and 8, where, for example, clades containing both monocots and dicots are observed. In 
addition to this evidence of ancient diversification for the gene family superstructure, there 
appear to have been more recent amplifications during MYB evolution. Group 2, for 
example, shows clusters that consist almost exclusively of either monocot or dicot sequences, 
suggesting diversification following the monocot divergence from the remainder of the basal 
angiosperms. Similar patterns of clustering can be found in groups 1 and 6. We note that 
bootstrap values are not particularly high for interior nodes, but are generally above 50% for 
terminal branches. This relatively weak support was expected, due to the relatively small 
number of amino acid positions in the data matrix ( 44-46 residues) and the broad 
phylogenetic scope of the sampling. 
Phylogenetic relationships among MYB sequences in Gossypium arboreum 
For phylogenetic analysis of the cotton data set, six MYB genes expressed in G. 
hirsutum (Loguercio et al. 1999) were included in a parsimony analysis along with the 63 
MYBs from G. arboreum described here. Parsimony analysis yielded 36 equally 
parsimonious trees (Figure 2), with retention and consistency indices of .720 and .309 
respectively. This level of homoplasy may not be unexpected, given the inclusion of highly 
divergent MYB sequences that have had vast amounts of time to accumulate parallel 
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mutations and reversals. As with the global analysis, the limitations imposed by sampling of 
short sequences as well as high genie divergence result in trees in which not aU genie 
relationships are robustly resolved. Neighbor-joining analysis of these same sequences 
reveals a topology similar to that of parsimony analysis (results not shown). 
Inspection of the cotton MYB phylogeny reveals an unexpected distribution in the 
presence of intron IL Specifically, when intron II absence is mapped onto the tree, the 
resulting distribution indicates that there have been either multiple intron gains or losses 
(Figure 2). Most of the sequences lacking intron II fall into relatively closely related clades, 
e.g., MybGAJJ, MybGA5, MybGAJO, MybGA6, MybGA41, MybGA21, MybGA45, 
MybGA23, MybGA39, and MYBGh3. Even within this clustering of sequences, however, it 
appears that there have been three independent intron losses. The more distant relationship 
of the remaining 3 sequences that lack intron II, MybGA40, MybGh2, and MybGA63, can be 
explained by another three losses of intron II. 
Four pairs of MYB sequences (MybGA9 and MybGA17; MybGA22 and MybGA26; 
MybGA23 and MybGA54; and MybGA56 and MybGA65) have identical amino acid 
sequences, but nucleotide sequences reveal that they are not the same locus. In all cases, 
there are at least 7 silent substitutional differences in the coding region (129 bp) of sequence 
pairs. Remarkably, one pair, MybGA23 & MybGA54, share the same amino acid sequence 
but differ in the coding region by 23 silent substitutions. Additionally, MybGA54 has an 
intron in this region, while MybGA23 lacks this intron. 
Discussion 
Diversification of the MYB gene family 
The evolutionary history of the MYB gene family is long and complex. Since myb 
factors are found in organisms ranging from yeast to plants and animals, it is evident that the 
MYB gene family had an ancient origin. The size of the gene family, however, varies 
considerably among different phyla. In plants the MYB family is significantly larger than in 
other organisms. In fact, only a handful of MYB genes have been found in animals and yeast 
(Lipsick, 1996). Thus, it has been suggested that after the divergence of plants and animals, 
there was a massive expansion of the gene family in plants (Rabinowicz et al., 1999). It has 
been suggested that this amplification occurred before the monocot/dicot split, given the 
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diversity of MYB genes evident in both groups (Rabinowicz et al., 1999; Oberholzer et al., 
2000; Jiang, unpublished). Determination of the size of the myb transcription family in 
various angiosperms is ongoing. Initial estimates of copy number in maize and Arabidopsis 
indicated at least 125 MYB genes in both taxa (Romero et al., 1998; Meissner et al., 1999; 
Rabinowicz et al., 1999; Riechmann et al., 2000). Recent work in sorghum demonstrates 
that there may be closer to 200 MYB genes in this species (Jiang, unpublished). Our data 
demonstrate a similar level of MYB complexity in the cotton genome. 
To explore the evolutionary history of MYB gene amplification, we examined 
relationships among a broad array of angiosperm MYB genes with reasonably inclusive 
sampling of several genomes, including both monocots and dicots. Phylogenetic analyses of 
245 partial gene sequences representing both monocot (maize, sorghum, rice, and barley) and 
dicot (mainly cotton and Arabidopsis) MYBs were analyzed in an attempt to resolve the 
timing of MYB amplification in plants. Several insights into this evolutionary history are 
suggested by the well-supported regions of the resulting tree (Figure 1). First and foremost, 
the diversity within the MYB gene family clearly reflects an ancient origin, at least as far 
back as the origin of angiosperms. This is revealed by the repeated grouping of divergent 
sets of monocot and dicot sequences in phylogenetic clusters. Within group 6 (Figure Id), 
for example, there is a clade with high support (88%) that shows the interdigitation of MYB 
sequences from both monocots and dicots. Similarly, MYB sequences in group I represent a 
more extensive example of the inter-taxon interdigitation that is evident throughout the 
phylogenetic tree. 
In addition to ancient gene amplification, the topology of Figure I also suggests more 
recent MYB duplication or amplification events. Group 2 provides an example of the 
periodic clustering of either dicots or monocots. With two exceptions, P J OSM 15254 (rice) 
and MybGh2 (cotton), dicots and monocots form distinct clades. In fact, these clades are 
almost species-specific. Twelve cotton MYB sequences cluster together, with another five 
sequences forming another closely related clade. Additionally, within this same group, there 
are seven maize sequences that cluster together. In a similar manner, Group 4 offers an 
example of a cluster of mostly members from monocots, with only two dicot representative 
in this clade. The existence of species-specific clusters would suggest more recent gene 
amplification events, although the exact timing of these events cannot be determined as of 
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yet due to the relative sparsity of taxon sampling. Nonetheless, the overall pattern of 
interdigitation of species from the same taxa in different clusters, as well as terminal clusters 
of species-specific sequences, suggests a history of ancient gene amplification events 
antedating angiosperm diversification, as well as more recent, perhaps episodic bursts in 
specific lineages. 
It may be that some gene clusters appear to be such due to deletions of certain MYB 
genes from certain lineages, or more likely, that they are artifacts arising from incomplete 
taxon sampling. The foregoing interpretations of gene family history assume a reasonably 
complete sampling of the true diversity within the MYB family from each taxon. Incomplete 
sampling, both of species and of gene lineages within species, could lead to misleading 
inferences regarding gene family history. Each of the studies that contributed the sequences 
used in the present analysis included estimates of many more MYB genes than just those 
reported. Thus, it is possible that some of the taxon-specific sequence clusters reflect 
incomplete sampling. The presence of pseudogenes would pose a further complication. For 
example, most of the maize sequences included in this study are from cDNA libraries 
(Rabinowicz, et al., 1999), while the cotton sequences were mostly derived from sampling 
genomic DNA. If the cotton sequences represent pseudogenes, the apparent clustering in 
group 2 would not represent the true phylogenetic history of the gene family since MYB 
members that are not expressed would not have been sampled from the maize cDNA library. 
In some cases, alternative evidence may be brought to bear on whether sampling has 
been sufficient. Within groups 1 and 2 there is extensive clustering of sequences from 
monocots, while in group 2 there is a clustering of dicot MYB sequences (Figure 1). Both of 
these clusters are nested within regions that show interdigitation, suggesting that sampling in 
both monocot and dicot species was sufficient. Representatives from both monocots and 
dicot are contained within the clades immediately surrounding the clusters of monocots and 
dicots in groups 1 and 2. Thus, it seems reasonable to assume that the sampling of both 
monocot and dicot species was inclusive enough to support the hypothesis that after the 
extensive amplification of MYB genes in the angiosperm ancestor, additional and later 
amplifications were superimposed on the preexisting gene family superstructure. Some 
evidence suggests that this process is an ongoing one. In at least two species of Gossypium 
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(G. hirsutum and G. herbaceum), for example, we have evidence that the GhMYB4 locus has 
undergone a recent duplication within the genus (unpublished). 
For the R2R3 myb transcription factors, this evolutionary history of repeated 
duplication and diversification raises numerous questions about functional diversification and 
plant evolution. Duplication and divergence of regulatory genes has been suggested to be a 
major contributor to morphological evolution (Raff, 1996). In the case of transcription 
factors, new functions could induce significant morphological changes. Genetic and/or 
epigenetic changes in a transcription factor could lead to altered expression, resulting perhaps 
in differences in tissue specificity. This, in tum, may be sufficient to altering downstream 
developmental programs to the extent that novel phenotypes are created upon which selection 
might act. Since myb transcription factors have been shown to function in plant-specific 
processes, it seems probable, therefore, that the apparently massive amplification in MYB 
copy number was important to the functional and morphological diversification of higher 
plants, and that this process continues today. 
Repeated loss of intron II 
One of the more noteworthy aspects of the cotton MYB survey was the finding of 
numerous genes that appear to have lost intron IL The gene structure of plant R2R3 MYB 
factors typically is strongly conserved; generally, there are two introns and three exons. In 
nearly all cases, these two intrans are in precisely the same position (Romero et al., 1998). 
Additionally, in 85% of Arabidopsis MYB sequences the placement of intron II is in the same 
location as in cotton (Romero et al., 1998). In about 10% of angiosperm MYB genes, the 
second intron is lacking. Sixteen percent of the sequences found in G. arboreum are missing 
this intron (Figure 2). 
There are at least two possibilities for the variable presence of intron II in MYB genes, 
1) multiple independent losses of the intron; or 2) numerous precisely placed intron gains in 
the remaining 57 sequences. The phylogenetic topology indicates that the most parsimonious 
explanation for the variable presence of intron II is that this intron was lost from 12 
sequences, representing perhaps six evolutionarily independent events. We view the 
alternative scenario as unlikely, namely, that the presence of intron II in the remaining 
sequences is due to repeated insertional events. 
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While there is evidence of a recent, and significant invasion of group I introns in 
mitochondrial genes (Cho et al., 1998; Cho and Palmer, 1999), there is no clear evidence of 
such extensive, recent intron gains in nuclear genes (Long and Deutsch, 1999). While 
subscribers to the theory that introns developed later in eukaryotic evolution (Palmer and 
Logsdon, 1991; Stoltzfus et al., 1997) suggest that introns were inserted into nuclear genes 
after the divergence of prokaryotes and eukaryotes, there is little evidence of massive recent 
intron gains in nuclear genes (Logsdon et al., 1998; Long and Deutsch, 1999). On the other 
hand, intron loss has been well documented in nuclear genes (Fink, 1987; Charlesworth et 
al., 1998). By itself, this information is not enough to rule out the possibility that nuclear 
genes have gained introns in a similar manner. In addition, though, phylogenetic information 
supports the interpretation of multiple intron loss in cotton MYB genes (Figure 2). The most 
parsimonious explanation is that there were at most six independent losses of intron II. If it 
is assumed that the ancestral angiosperm MYB gene lacked intron II, at least six , identical, 
independent gains would be needed to explain the resulting topology with innumerable 
additional gains in other plant lineages 
From a mechanistic standpoint, the loss of introns from a gene is thought to 
commonly arise from the processing of pseudogenes (Li, 1997) or gene conversion (Drouin 
and de Sa, 1997). Processed psuedogenes arise during transcription, when introns are 
removed from the pre-mRNA via splicing, resulting in an mRNA that is intron-free. In some 
cases it is believed that this mRNA is reverse transcribed and reinserted into the genome, 
effectively creating a duplicated gene that lacks introns, although it is believed that most of 
these pseudogenes are nonfunctional (Ophir and Graur, 1997). Examples of 
retropseudogenes in plants include a processed pseudogene closely related the cdc2 gene in a 
species of spruce, Picea abies L. (K vamheden et al., 1995). Gene conversion can result in 
the loss of an intron when a gene recombines with a reverse-transcribed transcript that lacks 
introns (Drouin and de Sa, 1997). 
In the present case, there appears to be an interesting twist on the intron loss story, in 
that there is only one known example of a MYB gene that lacks both introns (Jiang, personal 
communication). In fact, it appears as though intron I is remarkably conserved in length and 
positioning, especially in comparison to intron II. Admittedly, more sequence data exists for 
intron II than intron I since most studies, including this one, have focused on this portion of 
41 
plant MYB genes. Consequently, the region containing intron I has not been as extensively 
sequenced. However, surveys of genomic sequences in sorghum indicate that intron I is 
present in nearly all MYB sequences (Jiang, personal communication). Given the repeated 
loss of apparently a single intron, questions naturally arise regarding both mechanism and 
functional significance. 
One possible clue emerges from the observation that intron II been lost in some genes 
while intron I is not only maintained, but is conserved in length and position. A possible 
explanation for the apparent conservation of intron I is that this intron may play a role in 
gene expression. There is ample evidence that introns can affect gene expression in several 
organisms, including higher plants (Mascarenhas et al., 1990; Koziel et al., 1996; Simpson 
and Filipowicz, 1996; Rose and Beliakoff, 2000). In fact, intron I in an animal MYB gene, c-
myb, has been shown to influence gene expression (Yuan, 2000). In this case, intron I is 
much larger in the animal c-myb than in any plant intron I sequenced. Additionally, it is 
believed that some of the gene expression effects are related to a block of conserved 
nucleotides located within the intron. This does not appear to be the case in plants since 
there is no clearly conserved region within intron I. 
However, the mechanism responsible for intron-mediated expression modulation is 
unknown. Evidence suggests that this effect is independent of sequence and does not occur 
with all introns (Rose and Beliakoff, 2000). One proposal for the mechanism responsible for 
enhancement of expression is that the splicing machinery may help to stabilize the 
developing mRNA. This raises the possibility that intron I in MYB genes may enhance gene 
expression, and thus, may be evolving under functional constraints, whereas intron II is less 
strongly constrained in this respect. Under this scenario, the loss of intron II would require a 
mechanism such as reintegration of a reverse-transcribed partially spliced transcript, or 
alternatively at the genomic level, gene conversion with a genomic homologue that already 
has lost intron II. In this respect it may be noteworthy that some of the apparently repeated 
losses of intron II have been among relatively closely related sequences. 
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Figure 2. Strict consensus tree of 36 most-parsimonious trees for 69 MYB sequences in 
cotton. GA=G. arboreum; Gh=G.hirsutum. Sequences in bold lack intron II. Possible losses 
of this intron are marked by the numbers 1 through 6. 
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CHAPTER 4. GENERAL CONCLUSIONS 
Characterization of the MYB gene family in plants 
The MYB gene family has inspired a great deal of investigation. Typically, studies 
involve either characterizing the molecular evolution of the gene family or determining the 
function of specific MYB genes. Results from investigations of myb function have revealed 
that these genes have a wide range of functional diversity. Mybs have been implicated in 
several plant-specific processes ranging from regulation of phenylpropanoid metabolism to 
determining cell shape. 
This study asked four principal questions: How are MYB genes related to each other 
in cotton? How are MYB genes related within the monocotyledon and dicotyledon lineages 
in the plant kingdom? Is there evidence of strong directional selection for any of the six 
MYB genes that have been shown to be expressed in fiber initiation in G. hirsutum. 
Furthermore, are the rates of molecular evolution the same at the diploid and polyploid 
levels? Finally, are gene expression patterns conserved between the diploid parents and the 
derived polyploid, and between the two homeologous copies of the polyploid? 
The first question explored relationships between MYBs within the cotton genus. 
Two plants were sampled for this portion of the study: Gossypium arboreum (a member of 
the A-genome) and Gossypium hirsutum (described above). Throughout the two plants, 
intron I was always conserved, having the same position and the same length. However, 
intron II was much more plastic. There seems to have been six independent losses of intron 
II within G. arboreum. This is an interesting finding because it immediately begs the 
question of how you lose one intron of a gene but not the other. Based on the lack of 
alignment between different MYB intron I sequences, we can hypothesize that the cause of 
this conservation is not related to sequence properties. 
Determination of the exact size of the myb transcription factor family is ongoing. 
Initial estimates of copy number in maize and Arabidopsis predicted that there are at least 
125 MYB genes in both genomes (Romero et al., 1998; Meissner et al., 1999; Rabinowicz et 
al., 1999). Recent work in sorghum estimates that there may be closer to 200 MYB genes in 
this species (Jiang, unpublished). Our data agree with this latest estimation. 
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The evolutionary history of the MYB gene family is long and complex. Since myb 
factors are found in organisms ranging from yeast to plants and animals, it is evident that the 
MYB gene family had an ancient origin. The size of the gene family, however, varies 
considerably among the different phyla. The MYB family in plants is significantly larger 
than in any other phylum. In fact, only a handful of MYB genes have been found in animals 
and yeast. Thus, it has been suggested that after the divergence of plants and animals, there 
was a massive expansion of the gene family in plants. Furthermore, evidence indicates that 
this amplification occurred before the monocot/dicot split. Phylogenetic data from 252 amino 
acid sequences fully support this timing of gene amplification. Distance analysis reveals that 
monocot and dicot MYB sequences share a common ancestor. The resulting phylogenetic 
tree contains a number of clades with both monocot and dicot representatives. However, 
there are also a few clades that contain only monocots or dicots, suggesting that there may 
have been at least one more round of amplification after the divergence of monocots and 
dicots. 
Our final questions pertain to the molecular evolution of six MYB gene that are 
expressed during fiber development in an economically-important cotton species, G. 
hirsutum. MYBs are suspected to have a role in cotton fiber development because in 
Nicotiana (tobacco) and Arabidopsis (cress) they have been shown to play a role in trichome 
density and length. We discovered that in Gossypium these six MYBs behave like typical 
single-copy genes. The A- and D-subgenomes are evolving independently, but it remains to 
be determined what implications this has for gene expression. Gene expression is conserved 
between diploids and polyploids, as was shown from an examination of Gossypium 
raimondii (D genome), G. arboreum (A genome), and G. hirsutum (which contains both the 
A- and D-subgenomes). Initial studies indicate that in at least one MYB, GhMYBJ, 
expression is conserved between both homeologues, although it appears that the transcripts 
from the A subgenome are more abundant in most of the organs examined. 
To gain a better understanding of the MYB gene family in cotton, it would be 
necessary to improve on sampling techniques used in identifying the total number of MYB 
sequences in the cotton genome. Microarray technology offers a promising alternative to the 
PCR-based technique employed in this study. The sampling would be more complete, thus 
providing more confidence in phylogenetic analyses. 
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One of the most interesting findings in this study is the apparent loss on intron II from 
a number of MYB genes. Sequencing of more full length genes would provide useful 
information in determining the true conservation of intron I, and help answer the question of 
how one intron is lost in a gene, while the other is maintained. 
Additionally, further examination of gene expression in the homeologues of G. 
hirsutum is needed to determine if the conservation of gene expression found in GhMYB 1 is 
maintained in other genes. 
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